Background: To evaluate refractive outcome 24 months after Deep Anterior Lamellar Keratoplasty (DALK) in pediatric patients by comparing results achieved using mechanical trephine and femtosecond laser. Methods: Twenty eyes of 20 patients affected by keratoconus were evaluated. To perform big-bubble DALK, 10 eyes (Group 1; mean age 11.2 ± 2.2 years) were subjected to the Hessburg-Barron mechanical trephine and the remaining 10 eyes (Group 2; mean age 11.3 ± 3.1 years) to a 150 kHz femtosecond laser that performed mushroom incisions. Preoperative thinnest point in the corneal thickness map and K readings were measured by the Sirius Scheimpflug camera. We also evaluated corrected distance visual acuity (CDVA) as logMAR value using spectacles, spherical equivalent and refractive astigmatism. Results: Mean preoperative thinnest point and pre-and post-operative K readings did not show significant difference (P > 0.05) between the two groups. CDVA, spherical equivalent and refractive astigmatism were respectively, 0.14 ± 0.08 logMAR and 0.13 ± 0.10 logMAR (P = 0.8), − 4.2 ± 1.1 D and − 2.8 ± 1.2 D (P = 0.03), 4.4 ± 2.0 D and 3.6 ± 1.2 D (P = 0.4) in Groups 1 and 2. All DALK procedures were uneventful. Conclusion: Our findings suggest that femtosecond laser compared to mechanical trephine could significantly reduce the spherical equivalent amount in pediatric big-bubble DALK.
Background
Deep anterior lamellar keratoplasty (DALK) is indicated for treatment of corneal diseases that do not affect the endothelium. Donor lamella is directly positioned on the Descemet membrane in order to preserve the recipient endothelium and decrease the risk of immunological rejection [1, 2] . Anwar and Teichmann [3] introduced the big-bubble technique in DALK where an air bubble is injected in the deep stroma in an attempt to produce a separation of the Descemet membrane from the overlying anterior cornea thereby providing an easier dissection of the stroma.
In pediatric patients [4, 5] , penetrating keratoplasty (PK) represents the current standard procedure also for keratoconus, although the graft failure is reported in approximately 50-60% of cases [4, 5] mainly because of endothelial rejection [6] . To date, there are no reports of pediatric DALK in keratoconus.
Recently the femtosecond solid-state laser [7] was successfully used in corneal transplantation surgery [8] . This technology consists of an infrared Nd:Glass laser beam focused at the desired corneal depth to induce optical breakdown (called photodisruption) without thermal or shockwave damage to the surrounding tissue. Femtosecond laser improves reproducibility and outcomes in corneal lamellar surgery [9] [10] [11] . Some authors have investigated the application of femtosecond laser in pediatric surgery [12] [13] [14] , but long-term follow up have not yet been reported. In this paper we report the refractive outcome 2 years after big-bubble DALK performed in pediatric patients, comparing results achieved using mechanical trephine and femtosecond laser.
Materials and methods
Twenty patients affected by keratoconus treated with uneventful DALK were enrolled in this retrospective study. A history of atopy with eye rubbing was recorded in 60% of cases. Inclusion criteria were keratoconus progression measured by K readings, progressive corneal thinning and Corrected Distance Visual Acuity (CDVA) decrease. Patients affected by hydrops were excluded. Ten eyes of 10 patients (mean age 11.2 ± 2.2 years; range, 8 to 16 years) underwent DALK using mechanical trephine (Group 1), while 10 eyes of 10 patients (mean age 11.3 ± 3.1 years; range, 7 to 17 years) underwent DALK assisted by femtosecond laser (Group 2). The laser was positioned in the operating room. Four patients of Group 1 and 5 of Group 2 had previously undergone corneal cross linking. All interventions were performed under general anesthesia from April 2013 to May 2015 at the Bambino Gesù Children's Hospital of Rome, Italy, by one surgeon (L.B.). Informed consent to the procedure was collected for each patient and all experimental investigations followed the guidelines for experimental investigation with human subjects required by the institution. The study adhered to the Tenets of the Declaration of Helsinki.
In Group 1, trephination was performed up to 60% of corneal thickness using the Hessburg-Barron disposable vacuum trephine (Altomed Ltd.), each quarter turn of the device from the zero position producing a cut of about 0.06 mm depth. The Fogla pointed dissector (Bausch & Lomb Storz Ophthalmic) designed to facilitate lamellar dissection of corneal stroma was then used to create a stromal channel for the air injection cannula (the Fogla 27 gauge air injection cannula, Bausch & Lomb Storz Ophthalmic). The donor (8.25 mm diameter) was trephined with a disparity of 0.25 mm. Donor Descemet membrane was peeled off after staining with trypan blue dye.
In Group 2, corneal trephination was performed using the IntraLase 150 kHz femtosecond laser (IntraLase FS Laser, Abbott Medical Optics, Inc.) planning mushroom incisions. This laser requires placement of a suction ring and an applanation lens. After obtaining a proper vacuum seal, we applied the applanation lens to provide a uniform reference plane for the laser. Big-bubble DALK was performed according to the Intrabubble technique [14, 15] . We used the same laser settings for recipient and donor, except for donor outer diameter disparity of 0.25 mm (8.25 mm donor outer diameter). The donor cornea was removed from Optisol storage (Bausch & Lomb), mounted on an artificial anterior chamber (Coronet Patient Artificial Anterior Chamber, Network Medical Products, Ltd.) and then treated under the femtosecond laser. Donor Descemet membrane was peeled off after staining with trypan blue dye.
All patients were maintained on steroid and antibiotic eye drops (0.1% dexamethasone and tobramycin 0.3%) administered every 2 h for 2 weeks. The steroids (0.1% fluorometholone) were tapered over a few months after the procedure to achieve a maintenance dose of once or twice daily.
All grafts were sutured using 4 single 10-0 monofilament nylon sutures and a single 16 bites running suture. Sutures were removed by 8 postoperative months in all patients. Early suture removal was done in cases where sutures were loose, broken, infiltrated, or vascularized. All sutures were usually removed within 5 months in children younger than 8 years and by 8 months in older children.
Preoperative mean thinnest point in the corneal thickness map and K readings were measured by the Sirius Scheimpflug camera (CSO, Firenze, Italy). CDVA analyzed as the logMAR value using spectacles, spherical equivalent and refractive astigmatism calculated by subjective measurement were evaluated and a paired Student t-test was used to compare 24 months postoperative data between Groups 1 and 2. P < 0.05 was considered statistically significant.
Results
All DALK procedures were uneventful.
The mean preoperative thinnest point did not show significant difference (P > 0.05) in two groups (Group 1, μ = 474 ± 50 μm; Group 2, μ = 470 ± 60 μm) as well as pre-and post-operative K readings values (pre-operative Kmax: Group 1, 60 ± 2 D and Group 2, 58 ± 2.5 D; post-operative Kmax: Group 1, 50 ± 1.5 D and Group 2, 51 ± 2 D). Table 1 reports preoperative refractive data for both groups. Refractive outcome for each group are summarized in Tables 2 and 3 . Two years after surgery, mean postoperative CDVA (logMAR) was 0.14 ± 0.08 and 0.13 ± 0.10 (P = 0.8), mean spherical equivalent was − 4.2 ± 1.1 D and − 2.8 ± 1.2 D (P = 0.03), and mean refractive astigmatism was 4.4 ± 2.0 D and 3.6 ± 1.2 D (P = 0.4), in Groups 1 and 2, respectively (Table 4) .
Discussion
Deep anterior lamellar keratoplasty may offer an advantage to pediatric patients affected by stromal pathologies.
Few authors reported indications and outcomes of DALK in children and, in general, this technique is not commonly performed in pediatric patients because of its steep learning curve and surgical complexity [16, 17] . Harding et al. [17] reported outcomes of some DALK with manual dissection performed in pediatric patients affected by partial thickness corneal scarring and mucopolysaccharidoses. Ashar et al. [18] evaluated 26 eyes after DALK (three of them underwent big-bubble technique and 23 layer-by-layer dissection) and observed that DALK is a feasible option in children with stromal corneal pathology.
DALK advantages are well known; it prevents immune rejection, the surgical procedure is extraocular, topical corticosteroids can usually be discontinued earlier and the endothelial cell density is preserved more than in PK. Moreover, in comparison to PK, DALK provides superior resistance to globe rupture after blunt trauma, and sutures can be removed earlier [19, 20] .
We have proposed a variant of big-bubble DALK assisted by femtosecond laser [15] . The use of femtosecond laser allows a pre-Descemet lamellar dissection at a predefined corneal depth and the creation of a deep stromal channel 50 μm above the endothelium for introducing a smooth cannula for air injection. The femtosecond laser is accurate in achieving the desired corneal depth and the big-bubble, and could provide good refractive outcome due to the good alignment of donor and recipient. This technique has been successfully applied to children [14] .
In this paper, we report refractive outcome 24 months after big-bubble DALK in pediatric patients comparing the Anwar [3] and femtosecond laser [15] assisted techniques. In our clinical practice, we currently perform big-bubble DALK in pediatric patients as well as in adults. Refractive evaluation was performed after suture removal for optical correction and, in order to achieve a more stable postoperative astigmatism in each patient, we stated a 2-year follow up as an appropriate time for comparing refractive outcome between mechanical trephine and femtosecond laser assisted techniques.
Several variables may affect refractive outcome in pediatric DALK. In order to limit them in the comparison between the two big-bubble techniques, we always employed the 8.25 mm donor punch, but in addition, we chose a selection bias by enrolling only patients that underwent an uneventful surgery. We excluded cases (one in Group 1 and two in Group 2) completed by "layer by layer" dissection, and (one in group 1) intraoperative conversion to penetrating keratoplasty. The small sample size could represent a limitation in the statistical analysis, but it is noteworthy [16, 17] that in general, only few pediatric patients can undergo DALK because of patients' age as well as preoperative corneal diagnosis.
In this work, we found a statistically significant difference between the two groups only for spherical equivalent values, whereas CDVA and refractive astigmatism did not differ significantly. For these latter two parameters, the difference in two groups was not statistically significant probably due to the small sample size. However, the femtosecond laser group showed less spherical equivalent and postoperative astigmatism. Moreover, in our practice, both methods provide the same percentage of air bubble formation.
The femtosecond laser cutting could in part contribute to the significant spherical equivalent difference. As previously reported [21] , since femtosecond laser improves donor-host matching and interlocking, it increases surface contact between donor and recipient, then providing a customized donor-host match. This effect, produced by mushroom geometry, helps the healing process and induces a good biomechanical stability according to Shehadeh-Mashor et al. [11] who observed that the mushroom configuration in DALK for keratoconus combines the advantage of a large anterior surface with reduced surface distortion, providing a discrete wound edge to join the recipient and donor cornea. Instead, mechanical trephination works differently; the transplanting hole is not vertical to the corneal surface and consequently, the donor-host transition becomes less precise, causing more tissue misalignment and optical distortion. Moreover, manual trephination could get neither a uniform incision all around the circle nor an individualized precise cutting, thus inducing an irregular graft geometry and graft-host junction instability [22] .
Conclusions
Our findings suggest that, in pediatric patients, big-bubble technique in DALK assisted by femtosecond laser as compared to mechanical trephine could reduce postoperative spherical equivalent amount, but not improve CDVA and refractive astigmatism.
